Generation of carriers in semiconductors by impact ionization is studied under the in8uence of a constant, arbitrarily high electric 6eld. Using the density-matrix approach a system of equations for the coherent dynamics of electrons and holes in the presence of impact ionization and Auger recombination is derived, which extends the semiconductor Bloch equations by the inclusion of impact-ionization density-correlation functions as additional dynamic variables. From these equations we recover the pure (Zener) and the photon-induced (Franz-Keldysh) carrier tunneling rate and derive an expression for the field-assisted impact-ionization scattering rate. DifFerent levels of approximation of the kinetic equations are discussed. It is shown that in contrast to the semiclassical treatment in the presence of an electric field, a fixed impact-ionization threshold does no longer exist, and the impact-ionization scattering rate is drastically enhanced around the semiclassical threshold by the intracollisional field eKect. The close connection of 6eld-assisted impact ionization to the Franz-Keldysh e6ect is emphasized.
I. INTRODUCTION
In today's ultrasmall semiconductor devices carriers are subject to electric fields up to 10 V/cm. In this Beld regime carrier-generating processes such as impact ionization and Zener ionization influence the device behavior signiBcantly. These processes are normally treated as independent ones and their relative importance is sometimes regarded to be distinguishable through a different dependence upon the lattice temperature. In indirect semiconductors like silicon, Zener tunneling rates can often be explained only by considering phonon assistance which allows for momentum conservation in an indirect transition &om the valence band maximum to the conduction band minimum. As was already pointed out by Keldysh, instead of phonons, also impact ionization can assist the Zener tunneling process which may equally well help to conserve momentum in indirect materials. His idea has already stimulated the work of and is further developed here.
In an impact ionization process a high-energy conduction electron collides with a valence electron with the consequence that this latter electron is lifted kom the valence to the conduction band. In an electron-hole picture, this process eventually leaves two electrons in the conduction band and a hole in the valence band. The role of impact ionization in semiconductor devices is particularly pronounced since this process (i) is autocatalytic, i.e. , represents a positive feedback, and (ii) can be originated by electrons as well as by holes, which leads to the eventual destruction of the device by generating a coupled avalanche of both types of carriers.
The Zener 
The dyna/nics of the distribation function
The time evolution of the physical system described by H is refiected in the time evolution of the associated density matrix. The diagonal parts of the single-particle density matrices are given by the electron and hole distribution functions We see that the equations for f, (and f/, ) couple to the polarization p, i.e. , the interband elements of the one-particle density matrix, and to elements of the twoparticle density matrix. 
The polarization thus couples to the distribution functions f"f/"and to further elements of the two-particle density matrix associated with electron-electron, holehole, and electron-hole scattering. The second term obviously leads to the same type of density matrices as appear in Eq. (23) The remaining permutations give similar results.
This scheme leads to a system of an infinite number of coupled differential equations. In order to close it, this hierarchy must be truncated within some approximation scheme which we will present in the next section.
tering amplitudes y, i, y, 2, y, s, and y, 4 [Eq. (24)]. All other n-particle density matrices will be split into sums of all possible products of those principal variables. This amounts to a mean Geld approximation. For example, the first term on the rhs of Eq. (23) 
All terms containing b~s or bq) 0 can be neglected because M, (0) and Mk(0) are zero (due to vanishing overlap integrals for q~0 ).
The situation of the y, terms is more complicated. 
+Mk(q)s, 4)+ c.c. ,
and, using the Hartree-Fock approximation (29), for Eq. (23) where the first term on the right-hand side due to q = 0 can be neglected.
In a systematic expansion of the hierarchy of correlations we shall now consider the deviation from the Hartree-Fock factorized form as a second-order contri-
where we have introduced the self-energy Zz (38) s.,(t) -= y.,(t) + bk+, k f.(k, t) p'(k + q, t) . (32) This is a measure for the two-particle correlation in the impact-ionization process, and will be denoted as impactionization density-correlation function. 
Analogously, we define s 2(t) = y, 2(t) + bk k+~f (k -q, t) p'(k, t),
In a consistent scheme, besides f, k and p, the pure twoparticle correlations s, rather than y, must be used as additional dynamic variables.
and the internal field Az
Equation (37) 
+p(k' -q+ q') -J (k+ q')]
It is seen that the importance of impact ionization for the total self-energy and internal field depends on the difference of the overlap integrals within di8'erent bands. The internal Geld contribution, on the other hand, depends also on the difFerence of the electron and hole distribution functions.
B. A quantum kinetic equation for impact ionization
We will now extend the above system of semiconductor Bloch equations by including in our set of kinetic variables the impact-ionization density-correlation funccorrects the band energy of the four states here in the same way as we have already seen for the polarization. The next term 
(50)
Here we have additionally introduced Putting all together, our closed system for the distribution functions, the polarization, and the impactionization density-correlation functions becomes If we neglect self-energy corrections and W,", the equations for the polarization and for the impact-ionization density-correlation functions are not directly coupled. So with the above formal integration p(k, t) and a,"(t) can be eliminated resulting in equations only for the distribution functions. As we will show in the next two sections, for the polarization this will lead to the well-known Zener efFect, and for the impact-ionization density-correlation functions to 6eld-assisted impact-ionization scattering.
IV. POLARIZATION-INDUCED CARRIER

GENERATION
In the last section, we have derived a differential equation for f"with two generation terms, generation by polarization and by impact ionization. In this section, we will deal with the first one. We show that both the Zener effect and the Franz-Keldysh efFect can be obtained straightforwardly from the semiconductor Bloch equations in the accelerated frame.
an analogous equation for fh, , A. The Zener effect -p'(kg, t) = i {Q~(kg) + Z~(kg)/5} p'(kg, t) + -{X", (kg) + b,"(kg)}'P, h(kg, kg, t), - (54) and four equations (j = 1, 2, 3, 4) of the form -a". (t) =i {O"(t)+ Z"(k~, k, ', q)/h} a". + -M . (q) X. , (t) + W"(kit k, ', q) In the last term we have additionally used e~= e(j = 1,2, 3) and e4 --h. The equations for the distribution functions are coupled for the same k through H~and through the internal 6eld due to the 6rst-order coherent contribution of impact ionization and Auger recombination, and for diferent k' through the second-order contribution of impact ionization and Auger recombination.
The first and the second square brackets in (53) describe generation rates due to polarization and impact ionization, respectively.
The equations for the polarization and the impactBy neglecting the self-energy Z~(k), the difFerential equation (44) 
where Ai(z) Fig. 4 as a function of the photon energy RuI. . As is seen in Fig. 4 the threshold introduced by the band gap is softened by the Pranz-Keldysh effect, i.e. , even photons with energy below the gap are able to create an electron-hole pair. The extra energy is provided by the intracollisional field effect, i.e. , the intra- with and without an external static field 8 (calculated for GaAs at T = 300 K).
In the previous section, in the derivation of the Franz- (67) is proportional to the absorption coefBcient, is i.e. , the quantity that can be measured in experiments.
In analogy with the polarization, Eq. (55) can be integrated accord. ing to (57), and the resulting expressions for the s,"can be inserted into Eq. (53). For simplicity we neglect in the following the )did, " terms, and the self-energies Z,".The result of the integration is
We have used the fact that, in a sum over k' and q, M;(q) M (q) can be replaced by
The first term in Eq. (68) describes in-scattering of an electron from the conduction band into the state labeled by A: and its inverse. The second describes in-scattering of an electron from the valence band into state k and its inverse. The third term describes out-scattering of an electron out of state k and its inverse. The fourth term Gnally describes in-scattering of an electron from the valence band due to hole impact ionization. In the above equation the rate of change of the electron distribution function at time t depends also on the distribution functions at earlier times, i.e. , the dynamics is non-Markovian. Equation (68) 
for the number of carriers that enter the conduction band per unit time and unit volume due to Geld-assisted impact-ionization. In the above expression The scattering rate becomes
hA'
2'
In Fig. 5 
VI. CONCLUSIONS
We have derived a closed set of quaatum kinetic equations for the electron and hole distribution functions, the interband polarizatioa, and the impact-ionization density-correlation functions which describe the coherent action of an external electric field in terms of Zener tunneling, 6eld-assisted impact ionization, and Auger recombination.
In the basis of accelerated Bloch waves, polarization-induced and impact-ionization-induced carrier generation processes with non-Markovian properties refiecting energy-time uncertainty arise. The first-order coherent contribution of impact ionization and Auger recombination renormalizes the carrier energies and the electric field. This extends and complements work in which electroa-phonon and/or carrier-carrier scattering was considered in addition to the action of a constant external electric field or a classical laser 6eld, ' but where processes that change the number of carriers in a band due to electron-electron interaction were neglected.
The theory of Geld-assisted impact ionization presented here differs substantially from earlier work.
We apply a full quantum transport theory based on the density-matrix formalism with the inclusion of distribu- 
